Hill series of the spindle and finding kinetochores with fluorescent fibers toward opposite poles. These cells were Chapel Hill, North Carolina 27599 imaged by time-lapse spinning-disk confocal microscopy [8, 9] . The collected images were analyzed, and both spindle poles and one or more kinetochore pairs Summary were tracked to determine kinetochore positioning and movement in metaphase and/or anaphase. We identified Merotelic kinetochore orientation is a kinetochore 54 merotelically oriented kinetochores (in 50 cells), and misattachment in which a single kinetochore is attached 25 of these were followed into anaphase. to microtubules from both spindle poles instead of Merotelically oriented kinetochores in metaphase exjust one. It can be favored in specific circumstances hibited several distinctive structural and kinetic features [1-5], is not detected by the mitotic checkpoint, and compared to those of normally oriented kinetochores. induces lagging chromosomes in anaphase [6, 7] . In In PtK1 cells, the outer face of a kinetochore is 0.3-0.5 mammalian cells, it occurs at high frequency in early m in diameter and contains about 24 kinetochore mimitosis [5], but few anaphase cells show lagging chrocrotubules bound end-on into a 40 nm-thick outer plate mosomes [5] . We developed live-cell imaging methods
than what occurred for the normally oriented kinetochores of chromosomes in the middle of the spindle. This is most likely because the merotelic kinetochore remained relatively stationary, whereas the oscillations of two normally oriented sisters were coordinated, so that when one kinetochore was moving poleward, its sister was following until they both switched direction.
We looked for evidence of merotelic correction in metaphase and found only eight examples out of 54 merotelic kinetochores analyzed. Correction occurred by loss of the dimmer fiber after the merotelic kinetochore had become aligned at the metaphase plate. This left the merotelic kinetochore attached to only one pole and produced a normal bipolar chromosome orientation ( Figures 1E-1G ). Before correction, the merotelic kinetochore was shifted closer to the spindle equator and did not show oscillation. After correction, the kinetochore oscillated back and forth, moving eventually away from the equator toward a position on average closer to its pole and establishing, in a short period of time, coordinated oscillations with its sister ( Figure 1G ). Our observation of correction in living cells shows that the mechanism that operates before anaphase to correct merotelic orientations can do so by loss of kinetochore microtubules to the incorrect pole. A role for mitotic centromereassociated kinesin (MCAK) in "preanaphase" correction can be hypothesized [16] [17] [18] because perturbations of its centromeric function in vertebrate cells produce kinetochore misattachments [18] . Correction of merotelic orientation, however, occurs while the chromosome remains at the spindle equator, as opposed to syntelicorientation correction, which involves microtubule depolymerization and abrupt movement of the chromosome toward the spindle pole [19] . The preanaphase correction of merotelic orientation fails to correct many merotelic kinetochores (46/54), which persist until anaphase onset. The stability of merotelic kinetochores might seem surprising, considering that a half-life of 5 min has been reported for kinetochore microtubules in metaphase [20] . We argue that either microtubule at- both examples of lagging chromosomes, the fluoresbundles was close to two, the kinetochore became highly stretched during anaphase as the bulk of the cence ratio of microtubule bundles to opposite poles was close to one (1.05 and 1.06; Figure 2A ). In both chromatin was shifted away from the spindle equator in the direction of the correct pole ( Figure 2B ; Figure cases, the cell was followed through mid-anaphase, and the merotelically oriented chromosome did not move S2; Movie 3). In one extreme example, the kinetochore became stretched up to 6.39 m, extending from one away from the spindle equator ( Figure 2A ; Figure S1 ; Movie 2). These results show that lagging chromosomes side far into the other side of the spindle equator ( Figure  2B ; Figure S2 ). Note that in this example, the stretched are produced by merotelic kinetochore orientation when the ratio of kinetochore microtubules to opposite poles region appeared as puncta separated by thin strands of CENP-F-stained material, as previously observed by is nearly one.
Most merotelic kinetochores (23 of 25) did not pro-CREST staining [7] . This extensive lateral stretch indicates that the microtubule attachment sites have duce a lagging chromosome during anaphase ( Figure  2B; Figures S2-S4 ). For these merotelic kinetochores, stretched apart their supporting centromeric DNA by pulling apart the multiple DNA-protein subunits, as prodifferent behaviors were observed depending on the ratio of microtubules to opposite poles. In some inposed by Zinkowski and coworkers [21] . Finally, when the fluorescence ratio between the two stances, when the fluorescence ratio between the two microtubule bundles was close to three or higher, the merotelically oriented chromosome moved away from the equator in the direction of the pole connected to the brighter fiber (Figure 3; Figures S3 and S4) . In such cases, the stretching of the merotelically oriented kinetochore was much less pronounced ( Figure 3A ; Figure  S3 ; Movie 4) or almost nonexistent ( Figure 3B; Figure  S4 ). For most merotelic kinetochores, we could also identify and track the sister kinetochore before and after anaphase onset. When one of the two sisters was merotelically oriented and the fluorescence intensity of the two microtubule bundles was unbalanced, the brighter bundle was always connected to the correct pole (pole opposite the one to which the sister kinetochore was attached) (Figures 2B and 3; Figures S2-S4) . These results show that merotelically oriented chromosomes segregate correctly when the ratio between kinetochore microtubules to the correct versus incorrect pole is sufficiently greater than one.
In higher eukaryotes, the segregation of chromosomes to opposite ends of the cell during mitosis is produced by two processes, defined as anaphase A and anaphase B. Anaphase A is chromosome poleward movement, which is coupled to shortening of kinetochore microtubules. Anaphase B is the movement of the spindle poles away from each other. To understand how much anaphase A and B contributed to the correct segregation of merotelically oriented chromosomes, we quantified the shortening of kinetochore fibers and the extent of spindle elongation after anaphase onset. We found that kinetochore fibers of normally oriented kinetochores became on average 2.05 m shorter during anaphase ( Figure 4A ϭ 1) , polymerization rates for the two microtubule bundles (A) Fibers of merotelically oriented kinetochores do not shorten will be the same, and the merotelic kinetochore will not move away during anaphase. The average change in length for kinetochore from the equator, thus producing a lagging chromosome. fibers of normally and merotelically oriented kinetochores is shown.
Refer to text for a more comprehensive discussion of the model.
For merotelically oriented kinetochores, microtubule fibers become
The following abbreviations were used: F, force; T, tension; R, ratio longer during anaphase rather than shortening. However, the dimof microtubules to opposite poles; n, viscous coefficient; Vpoly, mer fiber lengthens much more than the brighter fiber. The histogram polymerization rate; Vflux, flux rate; Vpp, rate of spindle pole separaalso shows spindle elongation, measured from anaphase onset to tion; and VK, rate of movement of the merotelic kinetochore away the beginning of furrow ingression, in cells with and without merofrom the spindle equator. assumptions, we postulate that the forces (F) in opposite directions on a merotelic kinetochore are equal, and the
3A, frames 4-10). These results indicate that anaphase

